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'Rie h e l i c a l  i n s t a b i l i t y  t y p i c a l  of c o l l i s i o n  dominated plasmas has 
been irivestiI;atcd i n  t h e  presence of t r ansve r se  magnetic f i e l d s .  
cases  t h e  c r i t i c a l  va lue  of t h e  magnetic f i e l d  is  very  s e n s i t i v e  t o  an 
al)rdicd t r ansvs r se  component. 
d e s t a b i l i z e s  t h e  discharge wh i l s t  a minimum €3 conf igura t ion  has a s t rong  
s t ab i  Lizirig e i ' f t c t .  
, l a m a  i f  t he  shear  i s  i n  t h e  same sense as t h e  i n c i p i e n t  h e l i c a l  plasma 
s ~ c r t u r b a t i o n  b u t  a shear  of t h e  o p p s i t e  sense s t a b i l i z e s  t h e  plasma. 
I n  a l l  
A r e c t i l i n e a r  t r ansve r se  component 
A magnetic f i e l d  wi th  shear  w i l l  d e s t a b i l i z e  the  
A coaxia l  plasma nas been inves t iga ted  i n  regard  t o  i t s  s t a b i l i t y  i n  
a solcrioidal f i e l d .  It is  found t h a t  improved agreement between theory 
and experiment for t h e  j i redict ion of t h e  c r i t i c a l  f i e l d  value can be 
obtairisd i f  t h e  r a d i a l  form of t h e  plasma dens i ty  i s  taken i n t o  account 
i r i  cval i ia t ing the  s t a b i l i t y  c r i t e r i o n .  When t h e  coaxia l  plasma i s  
immersed i n  a magnetic f i e l d  wi th  shear it i s  found t h a t  t h e  consequent 
change i n  the  radial  form of t h e  plasma dens i ty  accoimt,s f o r  t h e  major 
p a r t  of t h e  change i n  t h e  value of the c r i t i c a l  magnetic f i e l d .  
I?ITRODUCTION 
'rhc w e l l  hriown h p l i c a l  i n s t a b i l i t y  of t h e  pos i t i ve  column occurs when 
the  plasma i s  immersed j r i  a magnetic f i e l d  which i s  o r i en ted  p r a l l e l  t o  
t h e  e l e c t r i c  f i e 1  d which maintains the  discharge.  However many plasmas 
inc luding  plasma a c c e l e r a t o r s  are subjec ted  t o  crossed f i e l d s  where t h e  
I 
e f f e c t  o f  superimposing s e v e r a l  forms of or thogonal  o r  t r ansve r se  magnetic 
I f i e l d s  upon a plasma subjec ted  simultaneously t o  a s t rong  longi tudina l  
I tnagnetic f i e l d ,  wi th  p a r t i c u l a r  reference t o  t h e  onse t  of t h e  h e l i c a l  
i n s t a b i l i t y  . 
A f u r t h e r  c h a r a c t e r i s t i c  of some crossed  f i e l d  plasma devices  i s  t h a t  
t he  plasma has an  annular  o r  coax ia l  form. Our work has included t h e  s tudy 
of a hollow pos i t i ve  column and we have extended t h e  work Cf Oierke and 
Wohler ( re f .  1) on t h e  formation of  the  h e l i c a l  i n s t a b i l i t y  i n  such a plasma 
conf igura t ion .  
We have s tud ied  t h r e e  forms of orthogonal magnetic f i e l d .  The f i r s t  
was produced very simply by i n c l i n i n g  t h e  discharge tube a x i s  a t  a small 
angle  t o  t h e  a x i s  of an  appl ied  so lenoida l  magnetic f i e l d .  The r e s u l t a n t  
magnetic f i e l d  on t h e  pos i t i ve  column included a small r e c t i l i n e a r  component 
which w a s  orthogonal t o  t h e  e l e c t r i c  f i e l d  d r iv ing  t h e  column. The second 
was 1)roduced by adding a se t  o f  f o u r  l o f f e  bars  running parallel t o  t h e  
a x i s  of t h e  plasma immersed i n  a so lenoida l  magnetic f i e l d .  I n  t h i s  case 
t h e  magnetic f i e l d  has a minimum B configurat ion with the  f i e l d  s t r eng th  
inc reas ing  wi th  the  r a d i a l  d i s tance  from t h e  a x i s  of t h e  discharge.  The 
t h i r d  was produced by passing a cur ren t  car ry ing  conductor through t h e  
c e n t e r  of a hollow plasma immersed i n  a so lenoida l  magnetic f ie ld .  I n  t h i s  
way a n  azimuthal compnent of magnetic f i e l d  was added and t h e  behavior of 
t h e  h e l i c a l  i n s t a b i l i t y  could be s tudied  i n  a magnetic f i e l d  with shear .  
. 
THE ONSET OF INSTABILITY I N  
A TRANSVERSE MAGNETIC FIELD 
The s e n s i t i v i t y  o f  t h e  c r i t i c a l  va lue  of  t h e  long i tud ina l  magnetic 
f i e l d ,  which marks t h e  onse t  of t h e  h e l i c a l  i n s t a b i l i t y ,  t o  each of t hese  
t r ansve r se  magnetic f i e l d  conf igura t ions  i s  shown i n  Fig. 1. I n  a l l  cases  
t h e  a p p l i c a t i o n  of a t r ansve r se  magnetic f i e l d  of a given amplitude causes 
a considerably l a r g e r  change i n  t h e  c r i t i c a l  value of t h e  long i tud ina l  
magnetic f i e l d .  
t r ansve r se  f i e l d  where t h e  given change i n  t h e  t ransverse  f i e l d  causes an  
order  of magnitude g r e a t e r  char?ge i n  t h e  c r i t i c a l  value of  t h e  long i tud ina l  
magnetic f i e l d .  
been  previously i d e n t i f i e d  wi th  a switch from t h e  s ing le  h e l i x  mode t o  t h e  
double h e l i x  mode of t h e  i n s t a b i l i t y  ( ref .  2 ) .  
This e f f e c t  is seen t o  be g r e a t e s t  f o r  t h e  minimum B 
The shallow maxima a t  about 3 degrees i n  Fig.  l ( a )  have 
T I E  STABILITY CRITERION 
FOR A COAXIAL PLASMA 
The use of an annular  o r  hollow discharge i n  t h e  case of t h e  azimuthal 
t ransverse  r r iapet ic  f i e l d  r a i s e s  the ques t ion  of the  r e l a t i o n s h i p  between 
t h e  behavior of such a discharge and that of t h e  normal pos i t i ve  column. 
Belousova ( ref .  3 )  has made a t h e o r e t i c a l  s tudy of t h e  h e l i c a l  i n s t a b i l i t y  
i n  t h e  hollow discharge.  I n  o rde r  t o  der ive  t h e  s t a b i l i t y  c r i t e r i o n  he 
assumed t h e  forms f o r  t h e  zero order  dens i ty  d i s t r i b u t i o n  ( n  ) and t h e  
per turbed  ( h e l i c a l )  form of The dens i ty  d i s t r i b u t i o n  (nl)  which are shown 
i n  Fig.  2(b). However, reasoning that t h e  dens i ty  per turba t ion  would grow 
i r e f e r e r i t i a l l y  i n  t h e  region of the discharge where t h e  grad ien t  of t h e  
zero  o rde r  dens i ty  d i s t r i b u t i o n  i s  d i r e c t e d  towards the  ou te r  w a l l  w e  have 
adopted the  mathematical forms f o r  t h e  dens i ty  d i s t r i b u t i o n  shown i n  Fig. 2( d ) .  
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Figure 1. Cri t ical  long i tud ina l  magnetic f i e l d ,  Be, f o r  onset  of t he  
h e l i c a l  i n s t a b i l i t y  i n  helium discharges p l o t t e d  as a func t ion  of t h e  
t r ansve r se  magnetic f i e l d  component f o r  t h ree  configurat ions.  
( a  ) R e c t i l i n e a r  t r ansve r se  f i e l d  generated by i n c l i n i n g  discharge c e l l  
wi th  respec t  t o  solenoid ax i s .  Discharge diameter 
3.75 em. 
Cusped t r ansve r se  f i e l d  generated by ca r r en t  car ry ing  I o f f e  bars .  
Discharge diameter 3.6 cm. 
BT = BL t a n  8. 
( b )  
( e )  and ( d )  Azimuthal t ransverse  f i e l d  generated by a cur ren t  (I ) flowing 
through a conductor l oca t ed  on t h e  discharge tube ax is .  I n  pr ( e )  19 i s  
p a r a l l e l  t o  t h e  discharge cur ren t  ID. 
t o  ID. Annular discharge: inner  diameter 1.9 em., ou te r  diameter 
11 cm. 
I n  ( d )  I$ i s  a n t i p a r a l l e l  
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Figure 2. 
( nl ) .  
( a )  
Radial  form of zero-order d e n s i t y  (no )  and perturbed dens i ty  
Forms used by Kadomtsev f o r  the  r e g u l a r  positive column of r ad ius  R 
nouc Jo, nloC J1. 
Forms used by Belousova f o r  hollow column of inne r  radius  RA and o u t e r  
r a d i u s  R B '  
Experimentally rrieasurecl forms, f o r  t h e  hollow column dzscribed i n  
Fig. 1. 
Theore t i ca l  models use Bessel func t ions  as ind ica t ed  below. 
B 
( b )  
nQM Jo + A Yo, nl"c J1 + B Y1. 
( e )  
( d )  Forms used by present  authors  for hollow column (solid l i n e s )  n CX J 
n OC Jl. 0 0  1 
6 
These can be seen t o  have t h e  closer resemblance t o  t h e  dens i ty  d i s t r i b u t i o n  
used by Kadomtsev and Nedospasov (ref. 4 )  for t h e  ord inary  p o s i t i v e  column 
shown i n  Fig.  2 (a ) .  
r a d i a l  dens i ty  d i s t r i b u t i o n s  which we have taken  us ing  a movable probe and 
which are shown i n  Fig.  2 ( c ) .  
Their  v a l i d i t y  i s  f u r t h e r  born o u t  by t h e  measured 
The t h e o r e t i c a l l y  pred ic ted  curves for t h e  onse t  of t h e  i n s t a b i l i t y  
a r e  shown i n  Fig. 3. t oge the r  wi th  experimental  data .  The break i n  t h e  
sloj)e of t he  experimental  curve marks t h e  onse t  of t h e  i n s t a b i l i t y .  
agreement of experiment w i th  our  theory i n  preference t o  t h a t  of Belousova 
i s  ev ident .  
The 
Bz gauss 
Figure 3. Comparison of theo- 
r e t i c a l  curves f o r  t h e  hollow 
column of authors  (HR) and 
Belousova ( B )  p lo t t ed  i n  t h e  
E/T vs.  B plane. (Plasma i s  
s t a b l e  below t h e  curve, uns tab le  
above it. ) Experimental r e s u l t s  
show t h e  onse t  of i n s t a b i l i t y  
for t h e  hollow column (Bc = 350 g 
THE: HELICAL INSTABILITY I N  A 
MAGNETIC FIELD WITH SHEAR 
When a cu r ren t  car ry ing  conductor i s  i n s e r t e d  down t h e  hollow c o l m  
t h e  d a t a  of Fig. l ( c )  and ( d )  show t h a t  t h e  discharge i s  d e s t a b i l i z e d  when 
t h e  conductor cu r ren t  i s  p a r a l l e l  t o  t h e  discharge cur ren t  and s t a b i l i z e d  
when t h e  condiLctor cu r ren t  i s  a n t i - p a r a l l e l  t o  t h e  discharge cur ren t .  This 
phenomenon may be qua L i  t a t i v e l y  understood by consider ing the  change i n  the  
zero  o rde r  dens i ty  d i s t r i b u t i o n  caused by t h e  imposi t ion of t he  azimuthal 
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Figure 4. E f fec t  of B on zero- 
of t h e  hollow column. Direc t ion  
of EZ x B d r i f t ,  B and I are 
shown f o r  both cases.  Dotted 
curve r ep resen t s  B# = 0 condition. 
o rde r  r a d i a l  d e n s i t y  d 4! s t r i b u t i o n  
# # # 
r R6 
magnetic f i e l d  component. plasma d r i f t  
changes the  dens i ty  g rad ien t  towards the o u t e r  w a l l .  Now t h i s  dens i ty  
grad-icnt determines the  ambipolar d i f fus ion  of  t h e  plasma p a r t i c l e s  t o  t h e  
w a l l  and hence t h e  r a d i a l  e l e c t r i c  f i e l d  (E,) due t o  t h i s  d i f fus ion .  
E x I3 aziniuthal plasma d r i f t  a c t s  t o  i n h i b i t  t h e  n a t u r a l  r o t a t i o n  of t h e  
h e l i c a l  l e r t u r b a t i o n  and i s  the re fo re  a s t a b i l i z i n g  e f f e c t .  The d e s t a b i l i z i n g  
e f f e c t  of t h e  p a r a l l e l  cu r ren t  case is a s soc ia t ed  w i t h  the weakening of the  
Figure 4 shows how t h e  EZ = B fl 
The 
r Z  
plasma dens i ty  g rad ien t  and the  r a d i a l  e l e c t r i c  f ie ld .  
When the  theory i s  modified t o  include t h e  azimuthal component of t h e  
ttiagnetic f i e l d  the  discharge i s  predicted t o  s t a b i l i z e  o r  d e s t a b i l i z e  i n  
agreement w i t h  experiment. 
value of t he  azimuthal magnetic f i e l d .  The r e l a t i v e  importance of  the 
s h i f t  i n  the zero o rde r  dens i ty  due t o  t h e  azimuthal magnetic f i e l d  i s  
shown by p l o t t i n g  t h e o r e t i c a l  curves f o r  which a l l  o t h e r  e f f e c t s  of the 
azimuthal tnagnetic f i e l d  were ignored. It i s  c l e a r  t h a t  the  form of t h e  
zero o r d e r  dens i ty  d i s t r i b u t i o n  plays a dominant r o l e  i n  determining the  
onse t  of  the  i n s t a b i l i t y .  
Figure 5 shows t h i s  e f f e c t  f o r  a p a r t i c u l a r  
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Figure 5. E f f e c t  of B on 
s t a b i l i t y  c r i t e r i o n  of t h e  
hollow column. Curves marked 
A r ep resen t  the  f u l l  s t a b i l i t y  
c r i t e r i o n .  Curves marked B 
i n d i c a t e  t h e  change i n  t h e  
c r i t e r i o n  due t o  an app l i ed  B 
when only t h e  e f f e c t  of t h e  zero 
o rde r  d e n s i t y  d i s t r i b u t i o n  i s  
taken i n t o  account. 
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